Large-scale explosions on the Sun near solar maximum lead to emissions of charged particles (mainly protons and electrons) from the Sun. Occasionally the Earth is positioned in its orbit such that these solar particles interact with the Earth's magnetosphere and rain down on the polar regions. "Solar proton events" have been used to describe these phenomena since the protons associated with these solar events cause the most atmospheric disturbance.
Solar proton events create hydrogenand nitrogen-containing compounds, which can lead to ozone destruction in the mesosphere and upper stratosphere.
There have been eleven solar proton events since 1969 that caused measurable changes in the Earth's atmosphere. Three of these events produced observed increases in nitrogen oxides. All eleven events caused measurable ozone decreases.
The increases in the hydrogen-containing constituents produced significant mesospheric ozone decreases during all the events, whereas the increases in the longer-lived nitrogen oxides by the two largest of these events caused significant stratospheric ozone decreases that lasted for several weeks past the events.
Temperature changes (both heating and cooling) have been predicted to occur because of these events. Direct heating in the mesosphere is a result the transfer of energy from the solar particles to the atmospheric constituents. Indirect cooling in the stratosphere is caused by decreases in the solar heating fi'om ozone, which is depleted during and after these events, These solar events occur more often near solar maximum, are fairly sporadic, and can cause significant atmospheric impacts in the polar regions. The global impacts of these events, however, are relatively small compared to other natural and human-made impacts.
INTRODUCTION
Periodically, the Sun erupts in a solar flare and an associated coronal mass ejection (C/vIE) that results in an intense flux of solar particles in interplanetary space. The solar particles from a CME can impact the Earth's magnetosphere ff the location of the Earth is aligned relative to the solar flare and the solar magnetic field (see Figure 1 ). This is known as a solar proton event (SPE). The sunward side of the magnetosphere flattens and the tail elongates. Most particles are then drawn in on the far side of the magnetosphere and are carried into the polar cap regions (generally >60°geomagnetic latitude). There has been proof that the Sun can produce significant fluxes of highly energetic particles for about 60 years [Forbush, 1946] . A large SPE that occurred over 30 years ago in November 1969 gave the first evidence that ozone could be depleted by these solar eruptions [Weeks et al., 1972] . The influence of SPEs on the atmosphere has matured over the years and evidence of impacts by at least 11 large events (see Table 1 ) is well documented and will be discussed below. 
Date of SPEs

Effects of SPEs
Spatial lnfluence
Higher energy protons deposit their energy lower in the atmosphere.
The Figure 3 . These protons have a flux of 1 cm 2 s 1 ster _ and are isotropic in distribution. Approximately 35 eV is expended in the production of an ion pair [Porter et al., 1976] . The total ionization rate for an SPE is computed using the actual particle spectrum multipliedby the individual monoenergetic deposition values.
_m -_ _-t I level [Jackman et al., 2001] [2001] . NOAA 14 SBUV/2 Northern Hemisphere polar ozone in ppmv before (July 13, 2000) and during (July 14/15) the solar proton event period at 0.5 hPa (-55 km).
The white circle indicates the boundary at 60°1'4 geomagnetic, above which solar protons can penetrate to the Earth's atmosphere.
The atmospheric
influence of a SPE is dependent on the energy spectrum of the solar protons and the absolute flux levels at the particular energies. The August 1972 SPEs were the second largest in the past 30 years and caused very significant atmospheric effects (discussed later). The computed ionization rates for these very large SPEs are given in Figure 5 .
The largest values of ionization rate were computed to occur within several hours after the onset of these SPEs, and were caused by the highest energy protons. These SPEs were very "hard spectrum" events with a huge flux of very energetic protons. These fast moving protons (with energies greater than 30 MeV) arrived first and dominated the first several hours of these SPEs ( Figure 5 ). These particular SPEs had computed ionization rates of over 1000 cm -3 s 1 for over a day with peak ion rates over 40000 
PRODUCTION
OF HOx CONSTITUENTS BY SPEs -
MODEL COMPUTATIONS
Precipitating protons also produce HOx constituents.
The basic theory for the HOx production by these particles has been known for the past thirty years. Solomon et al.
[1981] provide a clear analysis of the current understanding of this process. Some earlier papers that discussed this process are Swider and Keneshea [1973] and Frederick [1976] . The production of HOx relies on complicated ion chemistry that takes place after the initial formation of ion pairs.
The production of the original positive ions N2+, O2+, N +, [Reid et aL, 1991] NO r constituents produced per ion pair.
The production of NOy by SPEs has been predicted since the mid-1970s [Crutzen et aL, 1975] . The NO increase after the July 1982 SPE was inferred from the Nimbus 7 SBUV instrument to be about 6 × 10 TM NO molecules cm "2 above 1 hPa at polar latitudes [McPeters, 1986] . Jackman et al. [1990] computed an NO increase of 7 x 1014 above 1 hPa from the July SPE using an assumption that all the NOy produced during this SPE resulted in the production of NO. Zadoroz/my et al. [19921 measured NO enhancements of 2.6 × 10 _5 cm 2 between 50 and 90 km at southern polar latitudes with a rocket-borne instnunent as a result of the October 1989 SPEs. Jackman et al. [1995] computed a production of NO in that altitude range of 3.0 × 1015 cm "2, again assuming all the NOy produced during these October 1989 SPEs resulted in the production of NO.
Both of these computations are in reasonable agreement but higher than the measurements because some of the NO would be destroyed in the daytime through the reactions
This mechanism is the primary method whereby odd nitrogen (NOy) is returned to even nitrogen (N2). Figure 7 by the dash-dot-dot-dot, dash-dot, and dashed lines, respectively.
Model ComputationsYearly Production of NOy
There is only about a 10% variation in the "in situ" oxidation of N20 and horizontal transport from lower latitudes [Vitt and Jackman, 1996] .
This minor variation is hardly noticeable on the log scale used for the ordinate in the figure and the constant values of 1 × 10 33 and 9 × 1033 NOy molecules/year are assumed for the "in situ" oxidation of N_O and horizontal transport of NOy from lower latitudes, respectively. The GCR contribution to NOy was computed to vary from 6.9 to 9.6 × 10 32 molecules/year. The oxidation of N20 at lower latitudes and subsequesnt horizontal transport of NOy into the polar regions is about an order of magnitude larger than the NO r sources of GCRs and "in situ" oxidation of Net. The NOy production from SPEs for the periods 1955-1973 and 1974-1993 was taken from Jackman et al. [1980] and Vitt and Jackman [1996] , respectively. This SPE-generated annual production Figure 7 . Taken from Fig. 1 of Jackman et al. [2000] . Total number of NOy molecules produced per year in the northern polar stratosphere by SPEs (histogram indicating both the total and the stratospheric contributions), galactic cosmic rays (GCRs) indicated by dash-dot-dot-dot line, N20 oxidation in the polar region only (dash-dot line), and horizontal transport of NO x from lower latitudes into this region (dashed line).
Measurements and Model Computations of July 2000
SPE-produced NOy
The 
14_ 15
Day of July 2000 Model computed NOx changes for 65°N are given in Figure  8b . These different ozone effects will be discussed below. This dependence of the ozone depletion caused by SPE- , : PM The ozone depletion during the July 2000 SPE was also mostly caused by the HOx production (shown in Figure 8 ). The percentage decreases in the HALOE sunrise ozone measurements are given in Figure 8c where the July 14-15 values are compared to the background average of the July 12-13 observations.
Short-term Effects from HOx Constituents
The HALOE observed ozone reductions start on July 14 and reach over 70% during most of July 15 in the middle mesosphere between 0.3 and 0.01 hPa. The model computations in Figure 8d are fairly similar to the HALOE measurements during most of the event. 
Long-term Effects from NO e Constituents
The influence of the SPE-enhanced NOy constituents on ozone has been understood nearly as long as the impact of the SPE-enhanced HOx constituents. Crutzen et al. [1975] predicted that the nitric oxide (NO) produced during three large SPEs between 1960 and 1972 would probably have been enough to cause an ozone change. The Heath et al.
[ 1977] results showed that there were large stratospheric ozone reductions apparent in the Nimbus-4 BUV instrument data up to 19 days past the August 1972 events and were probably caused by the NOy enhancements. Several other papers, including Fabian et al. [19791, Maeda and Heath [1980/1981] , Reagan et al. [19811, Solomon and Crutzen [19811, Rusch et al. [1981] , and Jackman et al. [1990, 1995, 2000] 
Self-healing and Halogen Interference Leading to Ozone Increases
Ozone is usually depleted by SPE enhancements of HOx and Nay, but it can also be increased in certain regions. Jackman and McPeters [1985] showed that ozone "selfhealing" should also be associated with SPEs, When ozone is decreased at a higher altitude, increased ultraviolet (UV) radiation penetrates to lower altitudes. The increased UV radiation at very low altitudes (or extremely large solar zenith angles) can lead to an ozone production due to an increase in O2 dissociation 1990, 1991, and 1992 shown in Figure  11 (lower graph) were caused by the interference of downward transported NOy with chlorine and bromine constituents [Jackman et al., 2000] . Since the chlorine and bromine radicals are very important in the control of ozone in the lower stratosphere, the interference production of the reservoir species CIONO2 and BrONO2 resulted in a net decrease in the catalytic loss of ozone.
This process then led to a predicted ozone increase, which is especially important in periods of high chlorine and bromine loading such as the present time [Jackman et aL, 2000] .
4. Total Column Ozone Changes
The predicted influence of the SPEs in October 1989 on total column ozone is illustrated in Figure 12 . Banks, 1979; Reagan et al., 1981; Jackman and McPeters, 1985; Roble et al., 1987; Reid et al., 1991; and Jackman et aL, 1995] . Other studies [Rottger, 1992; Johnson and Luhmann, 1993] 
